Background
Postoperative refractive stability has been a concern since excimer corneal refractive surgery was first introduced more than 30 years ago. The reported refraction retreatment and regression rate (RR) were different and varied from 3.8 to 66.9%, respectively [1] [2] [3] [4] [5] [6] . Various regression associated factors included corneal thickness [1] , age [2, 7] , intraocular pressure (IOP) [8] , flap thickness [9] , optical zone (OZ) diameter, and thin preoperative corneal thickness of high myopia [4] .
Previous studies have primarily shown the clinical outcomes of single surgery, laser-assisted in situ keratomileusis flap created with a femtosecond laser (FS-LASIK) or laser-assisted in situ keratomileusis flap created with a mechanical microkeratome (MM-LASIK) [5, 8] . Many studies have compared consequences of FS-LASIK and MM-LASIK. Some showed similar, while others favored the femtosecond laser. Most published studies applied a simple descriptive analysis, without adjustment for other factors that could affect myopic regression.
This study compared the post-surgery results for three surgery methods: LASEK, MM-LASIK, and FS-LASIK; the analysis has been done with sufficient cases for -6.0D to -10.0D myopia, to determine the risks and predictors of myopic regression. Multivariate analysis by stepwise regression with the Cox proportional hazard model was performed to determine predictors for myopic regression.
Methods
All data for the study were collected and analyzed in accordance with the policies of the Institutional Review Board (IRB) of the Beijing Aier-Intech Eye Hospital and in agreement with the tenets of the Declaration of Helsinki. The study protocol was approved by the ethics committee; informed consent was obtained from all individual participants in the study.
Patients
This retrospective, observational case series study enrolled myopic patients who underwent LASEK, MM-LASIK, or FS-LASIK from December 2005 to December 2013 at Beijing Aier-Intech Eye Hospital, China. A single senior surgeon performed all the surgeries. All enrolled patients had a cycloplegic spherical equivalence (SE) for -6.0D to -10D myopia. Inclusion criteria were over 18 years of age, had no active eye disease, a stable refractive error for at least 2 years, eyes with Schirmer test more than 5.0 mm, no history of autoimmune disease and diabetes, wanted not to use eyeglasses, and had normal corneal topography.
Data collection
The following demographic and preoperative information were extracted: a Snellen chart was used to measure uncorrected distance visual acuity (UCVA) and best-corrected distance visual acuity (BCVA), IOP by noncontact tonometer (TOPCON CT-80A; Japan), preoperative subjective sphere, preoperative subjective SE from -6.00D to -10.00D, preoperative subjective astigmatism up to -6.00D by a comprehensive optometry station (TOPCON IS80, IS600; Japan); Placido-disk corneal topography, minimum K power (K min ), maximum K power (K max ), cylinder axis, higher-order root mean square (RMS), darkroom pupil size (OPD-Scan, ARK-10000; NIDEK, Tokyo, Japan); central corneal thickness (CCT) using a PENTECAM (TYP70700; Ocular, German). The following intraoperative information were extracted: diameter of the OZ and the transitional zone (TZ) and maximum ablation depth.
Surgical technique
All surgical procedures were performed by a single experienced surgeon (Jihong Zhou). Prior to surgery, a topical anesthetic (benoxinate hydrochloride 0.4%) was instilled twice in the conjunctival fornix of the eye. Flaps created using a 500-kHz femtosecond laser (FEMTO LDV FS; Ziemer Ophthalmic Systems AG, Port, Switzerland) had a superior hinge with an intended thickness of 110 lm and a diameter of 8.5 mm in the FS-LASIK group. Flaps created with the MK2000 (NIDEK CO., LTD., Tokyo, Japan) had a nasal hinge with a microkeratome head of 130 lm and a diameter of 8.5-9.0 mm in the MM-LASIK group. Epithelial flaps were constructed by using a self-made 8.5-mm epithelial trephine, creating epithelial dehiscence from the underlying Bowman's membrane in the LASEK group. After exposing the corneal epithelium to 20% ethanol (in distilled water) for 12-20 s, the ethanol was absorbed with a sponge, and the cornea was thoroughly rinsed with a chilled balanced salt solution. The epithelial layer was completely dislocated by a self-made blunt blade.
After flap creation, the EC-5000 CXII 40 Hz excimer laser (NIDEK CO., LTD., Tokyo, Japan) was performed. Aspheric ablation was designed by the NIDEK NAVEK system with optimized aspheric transitional zone (OATz). All patients were fitted with soft bandage contact lenses (Acuvue Oasys, Johnson & Johnson Vision Care Inc., USA), which were removed at the end of the procedure after complete epithelization post LASEK.
Postoperative patients were prescribed fluorometholone 0.1%, ofloxacin 0.3% 4 times a day for 1 week, and artificial tears 4 times a day for 1-3 months. Patients undergoing LASEK were prescribed fluorometholone 0.1% 4 times a day for 1 month, which was tapered off and stopped at 4 months postoperatively. IOP was carefully monitored. There were no cases of corticosteroid glaucoma.
Patients were examined at 1 day, 1 week, and 1, 3, 6, and 12 months postoperatively. Refraction was recorded using an automatic refractometer (TOP-CONRM-8800, Japan) at each follow-up visit. The targeted refraction was emmetropia in all eyes. Myopic regression was defined as residual myopia of -0.50D or less and a 0.50D or more shift toward myopia during the follow-up visits. The eyes were otherwise defined as not having regression.
Statistical analysis
Data were analyzed with the IBM SPSS Statistics ver. 21 for Windows (IBM, Armonk, NY, USA). The mean value (means), standard deviation (SD), and proportions of the baseline demographic and clinical characteristics were presented. Chi square and one-way analysis of variance (ANOVA) were used to analyze the differences in the relevant clinical parameters among the three groups. A Kaplan-Meier curve was plotted to describe the postoperative refractive regression, and the log-rank test was performed to test the differences. Multivariate analysis by stepwise regression with the Cox proportional hazard model was performed to determine predictors for myopic regression.
The model can be expressed as follows:
Here h t ð Þ is the hazard rate at time t for subject i with covariate vector (explanatory variables) X i . The X represents the covariates (e.g., age, manifested SE, K value, etc.) and b i is the regression coefficient. The h 0 t ð Þ is the time-based changes at the baseline hazard function resembling the probability of myopic regression when all elucidative variables are zero. The e bi is the hazard ratio (HR) of the probability of occurrence of events in time t. In all analyses, a 2-sided P value of less than 0.05 was considered statistically significant.
Results
We followed up 2460 eyes: 496 in the LASEK group, 910 in the MM-LASIK group, and 1054 in the FS-LASIK group. The baseline characteristics are described in Table 1 . There were no differences in the preoperative age of the three groups. The results of the univariate analysis were used to compare the demographic, preoperative, and intraoperative parameters in the LASEK, FS-LASIK, and MM-LASIK groups. Postoperative 12-month, refractive outcomes in patients who underwent LASEK, MM-LASIK, and FS-LASIK for -6.0D to -10.0D myopic correction are shown in Fig. 1 . There was no significant intraoperative and postoperative complication in all surgeries.
Cumulative survival rate for -6.0 D to -10.0 D myopia
The cumulative survival rate of myopia regression in 12 months (no refractive regression rate) was 58.79% in the LASEK group, 59.12% in the FS-LASIK group, and 52.19% in the MM-LASIK group. The mean time of regression in the FS-LASIK group was 8.86 months, 9.71 months in the LASEK group, and 8.49 months in the MM-LASIK group for -6.0D to -10.0D myopia.
The univariate analysis of pre-and postoperative variables indicated that the method of surgery, age, duration of myopia, with contact lens, aspheric ablation, pre-CCT and post-CCT, preoperative corneal curvature (K max ), preoperative manifest spherical equivalent, OZ, and TZ were significant associated factors for myopic regression. For other variables such as IOP, there were no significance with myopic regression.
The Kaplan-Meier curve showed a significant difference among the cumulative survival rates of the three groups and the results of the log-rank test (v 2 = 14.17, P \ 0.001) (Fig. 2) . The curve of the multivariate analyses of variables with the Cox proportional hazards model was used to further analyze the differences among the three groups (P \ 0.01) ( Fig. 3 ). Multivariate analysis with the Cox PH model gave the greater difference among three methods of surgery. The variables that were identified by the Cox proportional hazards model as significant risk factors for myopic regression were the method of surgery, age, aspheric ablation, post-CCT, and TZ. Duration of myopia, with contact lens, pre-CCT, pre-K max , pre-manifest SE, and OZ were ascertained as protective factors for myopic regression ( Table 2) .
Making predictions with probability of myopic regression
The predicted cumulative regression rate in each period is shown in Table 3 . For patients who had MM-LASIK, the cumulative probability of myopic regression at 12 months was 59-89%. For patients who had LASEK, the cumulative probability of myopia regression at 12 months was 45-72%. For patients who had and MM-LASIK group, the risk was different from 45 to 89%, respectively, at 12 months.
Discussion
Since the exact etiology remains unknown, feasible mechanisms leading to myopic regression after refractive surgery have been thought to include compensatory epithelial hyperplasia [1, 10] , corneal forward shift [11] [12] [13] , nuclear sclerosis of the crystalline lens [14] , and axial elongation [15] [16] [17] . We compared the three methods of surgery and used multivariate analysis to identify significant factors affecting myopic regression. Both risk factors and protective factors were identified. Risk factors included method of surgery, age, ablation with aspheric, post-CCT, and TZ. The duration of myopia, with contact lens, pre-CCT, preoperative manifest SE (D), and OZ were protected factors. The formula of 
Methods of surgery
The manifest SE was -8.01 ± 1.14D, -7.55 ± 1.10D, and -7.44 ± 1.09D, in the LASEK, FS-LASIK, and MM-LASIK groups, respectively (P \ 0.001). All the different covariates including the manifest SE in the three groups were adjusted in the Cox proportional hazards model. Though greater manifest SE would present more myopic regression [18] , the MM-LASIK group had the highest risk for myopic regression among the three groups, followed by FS-LASIK and LASEK groups, while the MM-LASIK group had the lowest manifest SE.
The MM-LASIK group was higher risk in myopic regression than the FS-LASIK group, which was similar to Lin et al. [18] where the flap configuration and wound adhesion between two methods might contribute to the difference. The planar flap with an FS laser had a stronger wound adhesion than the meniscus flap with a mechanical microkeratome. Kim et al. [19] found that there was more corneal stromal inflammation in the FS groups in the early postoperative period and increased flap adhesion strength later because leukocytes are a source of growth factors and cytokines, all of which are necessary for the initiation and propagation of new tissue formation in wounds [20] .
Another reason that might explain our results is the cohesive tensile strength of the corneal stroma. A mathematical model based on depth-dependent stromal tensile strength data was produced by Randleman et al. [21] , who found a strong negative correlation between corneal stromal depth and cohesive tensile strength. The greatest cohesive tensile strength was adjacent to Bowman's layer; the anterior 40% of the corneal stroma had the next highest cohesive tensile strength; from 40 to 90% stromal depth, cohesive tensile strength plateaued; and from 90% stromal depth to Descemet's membrane, cohesive tensile strength rapidly declined. Scarcelli et al. [22] and Petsche et al. [23] found a similar result for transverse shear stress, which also decreased with stromal depth.
FS-LASIK, with average flap thicknesses closer to 100 lm with less variability, may improve the safety profile of LASIK for eyes with borderline corneal thicknesses by leaving more of the anterior 40% of the corneal stroma intact [24] . MM-LASIK more frequently extends into the posterior 60% of the stroma through a combination of laser ablation and flap creation with average thicknesses of approximately 150 lm, which can be highly variable [25] . Von Jagow et al. determined that flaps in FS-LASIK were more uniform in the central and peripheral area than in MM-LASIK, and the mean thickness of the FS laser flap was significantly more accurate than the mean thickness of the microkeratome flap (P = 0.01), with a mean deviation of ? 16.9 lm and 40.8 lm, respectively [26] . Cohesive tensile strength of the corneal stroma was the most affected after MM-LASIK and might be the cause of the highest regression of myopia.
The multivariate analysis showed that FS-LASIK had greater odds for regression than LASEK (HR 1.31; 95% CI 1.02-1.68; P = 0.04). Ablation beyond the anterior 40% rarely occurs with surface ablation procedures (LASEK) [25] . The LASEK procedure broke the front part of the cornea less often and kept its cohesive tensile strength better, which lead to less myopic regression.
Pre-manifest SE, OZ, TZ, and aspheric ablation
Previous studies [18, 27] produced the same result as ours that higher myopia would contribute to more myopic regression, depending on the amount of treatment.
Previous studies have shown that OZ had an important effect on myopic regression [5, [28] [29] [30] . Gauthier et al. [1, 31, 32] found that the epithelium with zone diameters of 6.0 mm had an epithelium thinner than 4.0-5.0 mm after photorefractive keratectomy (PRK).
Rajan et al. [30] researched PRK with 6.0-, 5.0-, and 4.0-mm OZs and indicated that a larger ablation zone gave better outcomes: less glare, halo, and regression.
The mechanism of less regression with a larger OZ might be explained by a larger ablation diameter being a smoother transition profile with a smaller peripheral step pattern, which leads to less disruption of homeostatic upper eyelid and corneal epithelial exfoliation, resulting in less epithelial hyperplasia.
We had the same result in that a larger OZ played a protective role against regression; however, a larger TZ increased the risk of regression, and spherical ablation caused less regression than aspherical ablation. Spherical ablation was designed with a large OZ and a small TZ, while aspherical ablation was done with a small OZ and a large aspheric TZ for cases of thinner corneal thickness or relatively higher myopia to save the depth of ablation.
O'Brart et al. [33] allocated 5.00-mm, 6.00-mm, or 5.00-6.00-mm multizone treatment groups with PRK. Their conclusion was that the creation of a superficial blend zone with a 5.00-6.00-mm multizone treatment had no beneficial effect on the outcome of night vision and refractive stability, but that the 6.00-mm spherical ablation diameter had a better result. Steinert et al. [34] demonstrated that there was no consistent advantage to an aspherical compared with a single-zone ablation regarding visual acuity, predictability, or stability. They designed the aspherical ablation consisting of an aspherical 5.0-mm-diameter central zone and a peripheral computer-controlled aspherical blend zone from 5.0 to 6.0 mm in diameter, with the ablation performed in a single uninterrupted pass.
Our aspherical ablation, designed by the NIDEK NAVEK system with an optimized aspheric TZ (a smaller OZ and a larger TZ, OATz), consisted of a 4.5mm-diameter OZ and a peripheral computer-controlled (profile 1-7) aspherical TZ from 4.5 to 8.0 mm. Although a peripheral computer-controlled aspherical TZ had been optimized, stability of the postoperative refraction had not improved. Our study proved aspherical ablation (HR 1.22; 95% CI 1.03-1.44; P = 0.02) and larger TZ (HR 1.22; 95% CI 1.02-1.46; P = 0.03) generated higher odds of myopic regression. It conformed to the algorithm that a decreased OZ gave more risk of myopic regression, while an enlarged TZ was unfavorable to stability.
Pre-K max
We found that a higher steep pre-K max significantly decreased the odds for regression (HR 0.98; P = 0.01; 95% CI 0.96-0.99), similar to the findings of Chen et al.'s study [5] . Rao et al. [35] reported greater undercorrection in eyes with preoperative keratometry readings of \ 43.5D than those with preoperative readings of [ 44.5D. However, Russell et al. [36] found that higher K power (mean K) significantly increased the odds for regression and retreatment, because steep corneas were less stable, and therefore, they regressed more and might be corneal ectasia.
However, we need to further study the safety and stability of pre-K max .
Duration of myopia and with contact lens
Longer duration of myopia (HR 0.98; P = 0.02; 95% CI 0.96-1.00) and with contact lens (HR 0.78; P \ 0.01; 95% CI 0.67-0.91) were protective factors for postoperative myopic regression and had a negative correlation with myopic progression. Myopic progression might be caused by nuclear sclerosis of the crystalline lens [1, 14] and axial elongation [15] [16] [17] , as noted in previous reports. Backhouse et al. [37] showed that soft spherical contact lenses create a peripheral myopic focus, unlike spectacle lenses, which create a peripheral hyperopia that could slow myopia progression.
Pre-CCT and post-CCT
We found that CCT had a significant correlation with myopic regression from 3 months to 1 year postoperatively. Before the surgery, if the CCT was thicker, there would be less myopic regression (b i ¼ -0.01, P \ 0.01, HR 0.99, 95% CI 0.98-0.99), similar to the findings of Lin et al. [18] . If post-CCT increased, it would give more myopic regression (b i = 0.01, P \ 0.01, HR 1.01, 95% CI 1.00-1.02), though the relationship was weak in our study. Gauthier et al. [38] showed that epithelial hyperplasia after PRK correlated with the myopic shift and contributed each D of regression to regression with 18 microns of epithelial hyperplasia. Lin et al. [39] showed a progressive myopic shift with corneal thickening 10 years after LASIK and LASEK. However, Reinstein et al. found that the epithelium continued to thicken in the central 7-mm zone by approximately 1 lm (P \ 0.05) from 1 to 3 months, and no change in epithelial thickness occurred after 3 months in FS-LASIK (P [ 0.05) [40] .
Age
Previous reports [2, 5, 36] indicated that older-aged patients are more likely to develop regression or require retreatment, as was found in the multivariate analysis in our study. One explanation is that surgeons are careful to undercorrect with myopic presbyopia with patients who are around 40 years of age, while they tend to overcorrect for young patients [41] . The second explanation is that the lenses of older patients might develop lenticular sclerosis with a myopic shift. However, significant disagreement with this exists in Kim et al.'s [27] report that the oldest age group had a statistically significantly lower refractive regression rate than the two younger groups (35 years and \ 35-45 years vs. [ 45 years), because, with presbyopia, accommodative tone continues to decrease and lenticular hyperopic shifts until the age of 60 years.
The predictions of myopic regression in multivariate analysis with the Cox PH model Figure 1 shows the absolute value of postoperative mean SE (D) (mean SE means spherical plus 1/2 cylinder). Although Fig. 1 shows a relatively stable mean SE (D), the cumulative probability (%) of myopic regression was different, which might be definition and the follow-up time after the surgery [1, 7, 18, 36, 38, 39] . In our study, the cumulative probability of myopic regression at 12 months varies from 45 to 89% in the surgeries of LASEK, FS-LASIK, and MM-LASIK, which was similar to Lin et al. [18] , that myopic regression was defined as residual myopia of -0.50D or less and a 0.50D or more shift toward myopia during 12 months. Chen et al. [5] found a myopia regression up to 6 months after MM-LASIK was 42%, lower than our study, based on the definition of regression as a -1.0D or greater and a 0.50D or greater shift toward myopia.
In our study, the mean SE were LASEK: -8.01 ± 1.14D, FS-LASIK: -7.55 ± 1.10D, and MM-LASIK: -7.44 ± 1.09D, respectively (P \ 0.001), while the mean age and the use of contact lens were no statistical difference (P = 0.224, P = 0.101). Due to differences in three groups, we adjusted for all covariates, for example, duration of myopia, aspherical ablation (compare to spherical), mean manifest SE, optical zone (OZ), transition zone (TZ), etc in multivariate analysis with Cox PH model to prevent bias on heterogenous baseline. Greater manifest SE and smaller OZ would donate more myopic regression after refractive surgery though, but less approach toward myopic regression in LASEK group with the highest myopia and smallest OZ group in the three groups. It was similar to previous studies [18, 19] that the MM-LASIK was higher risk in myopic regression than the FS-LASIK and LASEK group.
Our study included three kinds of laser refractive surgery (FS-LASIK, MM-LASIK, and LASEK) while previous studies enrolled less (one or two methods of surgery) for high myopia (-6.0D to -10.0D) about 12 months follow-up. We included 496 eyes in the LASEK group, 1054 eyes in the FS-LASIK group, and 910 eyes in the MM-LASIK group, while the number of eyes was limited in previous studies. We used multivariate analysis with the Cox PH model and presented the cumulative probability of myopic regression in 4 periods. According to our results that predictors affect myopic regression in -6.0D to -10.0D after LASEK, MM-LASIK, and FS-LASIK, we could ascertain the influence of risk factors and protective factors on corneal refractive surgery. In clinical practice, we could use protective factors to stabilize postoperative diopter, ex. enlarges OZ and utilize spherical ablation; avoid risk factors to reduce postoperative regression, ex. lessens TZ; and balance the pros and cons to customize the surgical design. Importantly, we showed the HR of each covariate that we could know the impact of each factor on the risk for myopic regression. We could give patients some information when they have preoperative consultation and evaluate probability of myopic regression depending on their status in each period and the risk relevant to select a different surgery.
Limitations of our study
There are limitations to our study. First, it was inconvenient to obtain the manifested and cycloplegic refraction at each follow-up visit, as postoperative refraction was measured using an automatic optometer that was influenced by the eye accommodation. However, considering the age of our study participants (adults), the accommodation should not have markedly affected the results. Second, we had gotten the post-CCT from pre-CCT, subtracted the depth of ablation, and had not measured it, the actual post-CCT would be different. Thus, the relationship among the actual post-CCT, the calculated post-CCT, and myopic regression found in our study requires further study.
Third, this was a retrospective study; therefore, the possibility of selection bias could not be eliminated in a random clinical trial. Thus, the selection bias could not be fully avoided and some covariates are possibly confounding variables for evaluating the regression among LASEK, FS-LASIK, and MM-LASIK groups. In spite of these limitations, our results indicate that MM-LASIK was the highest risk of myopic regression in three groups in 12 months after surgery. The multivariate analyses with a Cox proportional hazards model were used and all these covariates were adjusted to minimize their influence on the prediction of LASIK regression. Predictors of myopic regression after laser refractive surgery might be assessed in a prospective study in the future.
Conclusions
For high myopia from -6.0D to -10.0D, the MM-LASIK group had the highest regression rate among the three groups. Using the Cox proportional hazards model, we found that the risk of postoperative myopic regression was similar in the FS-LASIK and LASEK groups. The identified risk factors for myopic regression included older age, aspherical ablation, and a larger TZ. With contact lens, lower preoperative myopia and a larger OZ were identified as protective factors, while age, duration of myopia, preoperative corneal steeper curvature (K max ), as well as pre-and post-CCT, had a relatively weaker association. The cumulative probability provided clinicians with an accurate tool to estimate an individual's risk for myopic regression prior to surgery.
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